The current Illumina HiSeq and MiSeq platforms can generate paired-end reads of up to 2 x 250 bp and 2 x 300 bp in length, respectively. These read lengths may be substantially longer than genomic regions of interest when a DNA sequencing library is prepared through a target enrichment-based approach. A sequencing library preparation method has been developed based on the homology-based enzymatic DNA fragment assembly scheme to allow processing of multiple PCR products within a single read. Target sequences were amplified using locus-specific PCR primers with 8 bp tags, and using the tags, homology-based enzymatic DNA assembly was performed with DNA polymerase, T7 exonuclease and T4 DNA ligase. Short PCR amplicons can hence be assembled into a single molecule, along with sequencing adapters specific to the Illumina platforms. As a proof-of-concept experiment, short PCR amplicons (57-66 bp in length) derived from genomic DNA templates of field pea and containing variable nucleotide locations were assembled and sequenced on the MiSeq platform. The results were validated with other genotyping methods. When 5 PCR amplicons were assembled, 4.3 targeted sequences (single-nucleotide polymorphisms) on average were successfully identified within each read. The utility of this for sequencing of short fragments has consequently been demonstrated.
Introduction
Sequencing-by-synthesis technologies (originally by Solexa) have realised the promise of high-throughput sequencing [1, 2] , and a further substantial progress has been achieved since the appearance of the Illumina DNA sequencing platforms based on this method (https://flxlexblog.wordpress.com/2016/07/08/devel opments-in-high-throughput-sequencing-july-2016-edition/). One of the major improvements has been in the length of sequencing reads. The read length of an early version of the Illumina (Solexa) platform was only 25-35 bp (2 Â 25-35 bp paired-end), considerably shorter than that of earlier Sanger sequencing-based platforms (up to 800-1000 bp) [1] [2] [3] [4] . However, the current Illumina HiSeq platform can generate up to 2 Â 250 bp reads, while even longer reads, 2 Â 300 bp, can be generated on the MiSeq platform (https://www.illumina.com/techniques/ sequencing/dna-sequencing.html). Owing to considerable reductions in both reagent cost and processing time, short-read technologies have become used for not only whole genome shotgun (re-)sequencing, but also other purposes, including small RNA (sRNA) sequencing, molecular inversion probe (MIP)-based mutant detection and characterisation of environmental DNA (eDNA) [5] [6] [7] . Generation of up to several billion sequencing reads from a single run permits identification of low prevalence sRNAs, accurate determination of sRNA expression levels, detection of functional sequence variation and presence of eDNA. The DNA molecules prepared for such purposes, however, can be considerably shorter than the potential length of sequencing reads from the current high-throughput sequencing systems.
The homology-based enzymatic DNA fragment assembly (or more commonly termed 'Gibson assembly') is a simple DNA manipulation method, widely used in synthetic biology [8] . Double-stranded DNA (dsDNA) fragments can be integrated into a larger single molecule through the activities of T5 exonuclease, DNA polymerase and DNA ligase [9] . DNA fragments are partially digested with T5 exonuclease, which catalyses DNA degradation in the 5 0 to 3 0 direction, so generating dsDNA with cohesive ends on the 3 0 -termini. The DNA fragments are then annealed on the basis of sequence homology between the cohesive ends (typically 15-80 bp in length), and larger concatenated DNA molecules are generated through gap-filling and ligation with the DNA polymerase and Taq DNA ligase. This method, however, is not suitable for assembly of short DNA fragments (<250 bp in length), presumably due to the strong enzymatic activity of T5 exonuclease [10] . In the present study, an alternative short dsDNA fragment assembly method has been developed through the use of T7 exonuclease (T7 gene 6 exonuclease), which has a moderate 5 0 !3 0 exodeoxyribonuclease activity (https://www.neb.com/tools-and-resources/sele ction-charts/properties-of-exonucleases-and-endonucleases).
The phosphorothioate bond (S-bond) is a modification used for synthetic oligonucleotides, and PCR primers containing S-bonds show partial or complete tolerance to a range of nucleases, largely depending on the number of inserted S-bonds (https:// www.neb.com/tools-and-resources/selection-charts/propertiesof-exonucleases-and-endonucleases, https://sg.idtdna.com/site /Catalog/Modifications/Category/8). Short PCR amplicons were prepared from genomic DNA (gDNA) template from a diploid crop plant species, field pea (Pisum sativum L.; 2n ¼ 2Â ¼ 14) [11, 12] , using the S-bond containing PCR primers, and a sequencing library for the Illumima platforms was subsequently prepared from these amplicons.
Materials and methods

T7 and T5 exonuclease activity assay
Locus-specific primers were designed for the field pea Psy_KP1_SNP_100000290 sequence [11, 12] . PCR primers with 1 and 6 S-bond modifications were designed and synthesised at Integrated DNA Technologies (Coralville, IA, USA) and GeneWorks (Thebarton, SA, Australia) in addition to those without modification (Supplementary Material 1). Short DNA fragments (62 bp or $300 bp in length) were generated from gDNA templates through PCR using the Phusion polymerase kit (Thermo Fisher Scientific, Waltham, MA, USA), following manufacturer's instructions. The DNA fragments ($300 bp in length) were purified using the Agencourt AMPure XP kit (Beckman Coulter, Brea, CA, USA) and treated with T7 or T5 Exonuclease [5 U; New England Biolabs (NEB), Ipswich, MA, USA] in 1Â NEBuffer 2 or 4 at room temperature (20-25 C) for 10 min. The assembly reaction can be performed owing to the activities of three enzymes (exonuclease, DNA polymerase and ligase), and all reactions should be performed in a single tube for a practical use. The NEBuffers 2 and 4 were, therefore, selected for the assay, as T7 and T5 Exonuclease show high enzymatic activity in the NEBuffer 4, and the NEBuffer 2 is relatively similar to a typical PCR buffer (https://www.neb.com/). T4 ligase shows high enzymatic activity in both NEBuffers 2 and 4 under the presence of ATP. For a time-course assay, the shorter DNA fragments were amplified using PCR primers with a single S-bond modification, and, then, treated with T7 or T5 exonuclease without DNA purification. An enzyme mixture (1 ml 10Â NEBuffer 4, 1 ml T5 or T7 Exonuclease, 3 ml water) was prepared and added to 5 ml PCR products. The treatment was performed at room temperature for 3-10 min. For a control experiment, molecular biology grade water was used, instead of the enzymes. The treated DNA fragments were visualised using the 2200 TapeStation instrument and D1000 kit (Agilent Technologies, Santa Clara, CA, USA).
Gibson assembly-based sequencing library preparation
Locus-specific primers were designed to amplify short DNA fragments (57-66 bp in length) that included variable nucleotide positions (single-nucleotide polymorphisms; SNPs) of field pea (Table 1 ) [11, 12] . An 8 bp tag was attached to the 5 0 -terminus of each primer for the sequence homology-based assembly, and an S-bond was introduced between the ninth and tenth bases from the 5 0 -terminus to generate PCR fragments with cohesive ends (8 bp) after treating with the exonuclease. Sequencing adapters with 8 bp tags were also designed, which were protected from nuclease activity by S-bond modification at both the 5 0 -and 3 0 -termini. The tags were designed to assemble five separate PCR fragments and the two sequencing adapters into a single molecule. Two sets of PCR primers were prepared and designated PsySNP_Set1 and 2. Genotypes derived from two cultivars (Kaspa and PBA Oura), 7 genotypes (Psy_RIL99, Psy_RIL195, Psy_RIL268, Psy_RIL614, Psy_RIL656, Psy_RIL677 and Psy_RIL678) from recombinant inbred line (RIL) populations obtained by crossing genotypes from parental cultivars [12] and an unknown genotype (Psy_GenoX) of field pea were selected for the SNP genotyping assay. Using the ISOLATE Rapid Plant Buffer (beta version product; BIOLINE, London, UK), gDNA was extracted from leaves of the field pea genotypes and extracted DNA was purified and concentrated using the AMPure bead kit. The target DNA fragments, including the SNP sites, were amplified through uniplex PCR with the Phusion polymerase kit, and the same volume of PCR solution was pooled for enzymatic assembly. All products from 10 PCR reactions were pooled and designated PsySNP_All sample. An enzyme mixture [1 ml 10Â NEBuffer 4, 1 ml 10 mM ATP (NEB), 1 ml T7 Exonuclease, and 0.5 ml T4 DNA ligase (400 000 units/ml; NEB)] was prepared and added to 5 ml PCR product mixture, which contained residual Phusion DNA polymerase and dNTPs. A sequencing adapter mixture (1.5 ml; 1.7 mM each) was then added (Table 1 ) [13] , and the assembly mixture (total volume: 10 ml) was incubated at room temperature (20-25 C) for 15 min. After incubation, 10 ml EDTA (100 mM) were added to the mixture. The resulting DNA was purified using 16 ml AMPure bead solution, following manufacturer's instructions, and then eluted in 10 ml Tris-HCl buffer (10 mM). The assembled DNA was amplified in a 25 ml reaction volume using in-house indexing primers for Illumina sequencing systems and the Phusion DNA polymerase kit [13] . The sequencing libraries were visualised using the Agilent 2200 TapeStation platform, and pooled for multiplexed sequencing. The pooled libraries were subjected to two cycles of size-selection with AMPure bead solution (0.8Â). Further details of the sequencing library preparation method are provided in Supplemental Material 2.
Sequencing analysis and GBS data analysis
The pooled library was titrated using the TapeStation and Qubit instruments (Thermo Fisher Scientific). Sequencing analysis was performed with the MiSeq platform and MiSeq Reagent Nano Kit v2 (500 cycles). The library was denatured and loaded on the reagent cartridge, following manufacturer's instructions. Paired-end 260 bp reads were generated, and output data were analysed using the Sequencher 5.0 (Gene Codes, Ann Arbor, MI, USA) and Excel 2010 (Microsoft, Redmond, WA, USA) software packages (Supplemental Material 3).
Kompetitive allele-specific PCR (KASP) assay
Fluorescence-based genotyping was performed using KASP Master mix (LGC Genomics, Middlesex, UK), based on the modified protocol [12] . PCR primers were designed and synthesised at LGC Genomics (Supplemental Material 4), and the target sequence was amplified in a 10 ml PCR mixture. The PCR products were analysed on the FLUOstar Omega microplate reader (BMG LABTECH, Ortenberg, Germany), and the resulting data were visualised using KlusterCaller TM software (LGC Genomics).
PCR-RFLP assay
A PCR-restriction fragment-length polymorphism (RFLP) assay was designed for three SNP-containing sites, designated Psy_ KP1_SNP_100000290, Psy_KP4_SNP_100000076 and Psy_KP4_ SNP_100000293. For the SNP_100000290 and SNP_100000076 sites, the PCR primers designed for sequencing library preparation were used, and PCR fragments were digested with the HpaII and HpyCH4III restriction enzymes (NEB), respectively. A reverse primer with a substituted base was designed for the Psy_KP4_SNP_100000293 site, and PCR fragments were digested with the BstEII restriction enzyme (NEB). The DNA fragments were visualised using the 2200 TapeStation instrument. Further details can be found in Supplemental Material 5.
Results and discussions
In the exonuclease activity assay, DNA fragments were generated using PCR primers with or without S-bond modification. The DNA fragments ($300 bp in length) generated using unmodified PCR primers were almost completely degraded by T7 exonuclease, while the fragments generated using PCR primers with 1 and 6 inserted S-bonds showed some tolerance to the activity (Fig. 1a, Supplementary Material 6) . T5 exonuclease showed a higher enzymatic activity, and the fragments generated using PCR primers with S-bond modification were completely digested. As PCR primers with 6 S-bond modifications showed reduced PCR amplification (Supplementary Material 7), PCR primers with a single S-bond were preferred for the subsequent protocol development process. The DNA fragments prepared with primers with a single S-bond modification was subject to a further assay, to find that the DNA fragments were almost completely degraded within 3 min when T5 exonuclease was used (Fig. 1b) . Moderate catalysis of T7 exonuclease was observed throughout 10 min. This result indicates that T7 exonuclease is more practically suitable for the controlled degradation of short DNA fragments. Sequencing libraries were prepared following the described method (Fig. 2a) . Short DNA fragments were generated from the field pea gDNA templates, using the PCR primers with a single S-bond modification (Table1, Fig. 2b, Supplementary Material 8) . For assembly, 5 PCR products (PsySNP_Set 1 and 2) or 10 PCR Forward TACGGTGAT*GCTACAGAGGGATCAGGCA Reverse GGACAGTTC*CCCGACAGGGTAAACCATC Sequencing library adapter Positive strand of adapter mpxPE1(þ).adpPsytag1 A*C*A*CTTTCCCTACACGACGCTCTTCCGATCTAATCTCG*T Positive strand of adapter mpxPE1(þ).adpPsytag2 A*C*A*CTTTCCCTACACGACGCTCTTCCGATCTGGACAGT*T Negative strand of adapter mpxPE2(-).GA-adp A*G*ATCGGAAGAGCACACGTCTGAACTCCA*G*T*C
The sequence corresponding to assembly tag is shown underlined. An asterisk (*) indicates presence of S-bond modification between the nucleotides. The PCR primers were synthesised at Integrated DNA Technologies and GeneWorks. The desired DNA molecules are indicated with a red arrow. LM and UM indicate the lower and upper markers of the Agilent D1000 kit, respectively. products (PsySNP_All) were pooled. The PCR fragments and library prep adapters were assembled into larger single molecules. The expected size of assembled DNA from PsySNP_Set 1 samples was 334 bp in length, and a signal peak around the 330-360 bp position was detected using the TapeStation instrument, suggesting the presence of the desired molecules (Fig. 2c) . After size-selection, the target DNA was amplified using indexing primers that were designed in-house. Using the TapeStation instrument, a peak at around the 420 bp position, corresponding to the target DNA fragments, was observed along with some signal peaks of shorter DNA molecules (Fig. 2d) . Similar results were observed when the PsySNP_Set 2 and PsySNP_All libraries were analysed on the TapeStation instrument (Supplementary Material 9). The sequencing libraries were pooled for multiplexed sequencing, and the desired short DNA fragments were purified through two cycles of size selection using the AMPure bead kit. The pooled library was sequenced using a portion of a single Illumina MiSeq run. The raw reads were filtered for the downstream analysis. Totals of 4014-29 005 filtered reads were obtained from each library (Fig. 3) . The data were analysed by counting the number of reads containing the target SNP sequence. From the PsySNP_Set 1 and 2 libraries, over 4000 counts were obtained for each SNP site (Table 2) . From the PsySNP_All libraries, the counts varied between 590 and 12 484 depending on the SNP sites, and the lowest count (590) was obtained from the PBA Oura genotype, from which the fewest (4014) filtered reads were obtained (Supplementary Material 10) . Among the total of 100 sequenced SNP-containing sites (10 locations Â 10 genotypes), 82 and 18 were classified into the homozygote and heterozygote categories, respectively. However, for the 82 homozygous sites, substantial differences in the ratio between the major (positive) and minor (negative) alleles were observed, the prevalence of the minor alleles varying between 0% and 7%, suggesting the possibility of a low level of crosscontamination during the library preparation procedure. Of the 18 heterozygous sites, the corresponding read count ratio was relatively close to 1: 1, except for the Psy_KP4_SNP_100000076 site of the Psy_RIL99 genotype, of which the read count ratio was 72% (C) and 28% (T). As a similar ratio was obtained from both PsySNP_Set 2 and PsySNP_All libraries, this divergence from the 1: 1 ratio could be attributed to amplification bias during the initial PCR, rather than cross-contamination. Consistent genotyping data were obtained from the PsySNP_All, and PsySNP_Set 1 and 2 libraries.
For validation of the GBS-based genotyping results, KASP and PCR-RFLP assays were performed. The KASP assay was performed for nine field pea individuals, and the results were consistent with those from GBS-based method, except for those at the Psy_KP4_SNP_100000076 and Psy_KP4_SNP_100000293 sites ( Table 2 ). The GBS-based method suggested a heterozygous allele combination (C/T) at Psy_KP4_SNP_100000076 of the Psy_RIL614 genotype, as compared to a homozygous (T/T) allelic status when using the KASP-based method. In addition, although the GBS-based method categorised 7 individuals into the heterozygous (A/G) class at the Psy_KP4_SNP_100000293 site, those individuals were identified as homozygous (G/G) with the KASP assay. This disagreement may be attributed to use of different PCR primer sets between the two assays. A PCR-RFLP assay for the SNP site was, therefore, performed, using equivalent primers to those for the GBS assay. The results from the PCR-RFLP assay were consistent with the GBS results, suggesting that the use of different PCR primer sets caused the discrepancy (Table 1 , Supplementary Materials 4 and 5) . A PCR-RFLP assay was also designed for the SNP_100000290 site with the PCR primers used for the GBS assay, and the resulting genotyping data for this SNP site were consistent with those from both GBS and KASP-based methods. 
The number of reads corresponding to each allele is shown for the GBS-based method, of which major (positive) allele(s) are shown in bold. An asterisk (*) denotes that the GBS-based genotyping result is not consistent with that from the KASP-based method, but the PCR-RFLP-based method supported the GBS-based result. NA stands for 'not analysed'.
Target enrichment procedures are used to select genomic regions of interest, which generally represent only 1% or less of the whole genome, in order to reduce duration and cost of the sequencing process [14] [15] [16] . The efficiencies of target enrichment methods have been evaluated as the proportion of desired sequence among total reads which passed the quality filtering. This ratio may be effectively increased to over 0.7 using PCR-or hybridization-based enrichment methods [14] . Following this definition, the efficiency of sequencing-based SNP genotyping would be represented as the average number of SNP sites sequenced per read. When a complex multi-allelic gene (locus) is targeted, it may be possible to sequence DNA fragments including multiple SNP sites, even with the short readsequencing instruments. Bi-allelic SNP sites in simpler sequence contexts are, however, more commonly used for whole-genome genotyping experiments and/or for markerassisted selection schemes, and it has therefore been unusual to capture more than a single SNP site in each sequencing read. The current study has demonstrated a simple sequencing library preparation method, based on assembly of short PCR fragments into larger DNA molecules. The average number of sequenced SNP sites per read from each field pea-derived library was between 2.8 and 4.7, and the average across all libraries was 4.3 with a standard deviation of 0.48 (Table 3) . As multiple short fragments can be sequenced in a single read, this library preparation method may substantially reduce the sequencing cost for SNP-based GBS, as well as sRNA sequencing, MIP-based mutant detection and eDNA characterised.
With PCR-based enrichment methods, Illumina sequencing libraries are commonly prepared through two rounds of PCR [7] . Target sequences are initially amplified from gDNA templates through single or low-plex PCRs, using PCR primers containing locus-specific sequences and a part of the sequencing adapter, and the rest of the adapter sequences are then attached to both termini of the target fragments through second-round PCR. Although this procedure is simple and effective, as DNA ligase or transposase is not required, a high level of multiplexing in the first PCR may not be feasible for Illumina sequencing instruments, due to the length of the tagged PCR primers. The present method uses short tags, and the sequences of interest could be effectively amplified through a multiplexed PCR. Through multi(penta)-plexed PCR with the primer sets of PsySNP_Set 1, the short DNA fragments were simultaneously amplified from gDNA of the Kaspa, PBA Oura and Psy_GenoX genotypes. Additionally, short DNA assembly was successfully performed using the products from the penta-plexed PCR (Fig. 4) , suggesting that this approach may be suitable for a highly multiplexed PCR-based target enrichment method.
The current study has demonstrated an efficient assembly procedure for short dsDNA fragments. Although bacterial genomes (600 kb-1 Mb) have been effectively synthesised using the original homology-based enzymatic DNA fragment assembly (Gibson assembly) scheme, this approach is not suitable for assembly of short DNA fragments [9, 10] . One of the obstacles to short fragments assembly has been a requirement for relatively long overlapping sequences. The present method performed the assembly with 8 bp homologous sequences (tags) which are shorter than the 15-80 bp sequences used in the original protocol, and the method may be useful for rapid synthesis of DNA fragments up to several kilobases in length, such as synthetic virus genomes for the purpose of vaccine production [17] . 
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